Nerve growth factor (NGF), a member of the neurotrophin family, has been identified as an essential growth factor supporting stem cell selfrenewal outside the nervous system and was previously shown to stimulate corneal epithelial proliferation both in vivo and in vitro. In this study, we evaluated the expression of NGF and its corresponding receptors in the human corneal and limbal tissues, as well as in primary limbal epithelial cultures by immunofluorescent staining and relatively quantitative real-time polymerase chain reaction. We found that NGF was uniquely expressed in the human limbal basal epithelium, together with its two corresponding receptors: the high-affinity receptor TrkA and the lowaffinity receptor p75NTR. TrkA was shown to preferentially localize to limbal basal epithelial cells. NGF and TrkA were also found co-localized with stem cell-associated molecular markers (drug-resistance transporter ABCG2 and p63), but not with the differentiation marker cytokeratin 3 in the human limbal basal epithelial layer. In cultured limbal epithelial cells, NGF and TrkA were found to be preferentially expressed by a small population of limbal epithelial cells. The NGF and TrkA immuno-positive subpopulations were enriched for certain properties (including ABCG2 and p63 expression) of putative limbal epithelial stem cells (P < 0.01, compared with the entire cell population). Levels of NGF and TrkA transcripts were found to be much more abundant in limbal than in corneal tissues, and in young cultured cells in the proliferative stage than in airlifted stratified cultures containing differentiated cells. The co-expression of NGF with its two corresponding receptors in limbal basal epithelial cells, but not in the cornea, suggests that NGF may function as a critical autocrine or paracrine factor supporting stem cell selfrenewal in the limbal stem cell niche. The spatial expression of NGF and TrkA by small clusters of basal cells interspersed between negative cell patches suggests that they are potential markers for human corneal epithelial progenitor cells.
Introduction
The basal epithelial cells in the limbal region of the cornea are not homogeneous, but consist of diverse populations of stem cells, transit amplifying cells (TACs) and terminally differentiated cells (TDCs) (Cotsarelis et al., 1989; Lehrer et al., 1998; Schermer et al., 1986; Tseng, 1996) . During the last decade, progress has been made towards identifying molecular markers for distinguishing stem cells from TACs in situ. To date no definitive markers for these stem cells have been identified.
Nerve growth factor (NGF) is a member of the neurotrophin family (NT), which also comprises brain-derived neurotrophic factor, neurotrophin (NT)-3, NT-4/5 and NT-6 (Chao et al., 2006; Maness et al., 1994) . NTs share the same low-affinity neurotrophin receptor p75NTR, but use different members of the tyrosine kinase (Trk) receptors: TrkA, TrkB, and TrkC (Huang and Reichardt, 2003) for high-affinity binding and signal transduction. NGF preferentially activates TrkA; BDNF and NT-4/5 preferentially bind to TrkB; and NT-3 signals through TrkC.
In addition to its general role as a growth and survival factor in the nervous system, NGF has been reported to possess diverse biological effects on stem cells outside the nervous system (Daiko et al., 2006) . The expression of NGF and its receptors in the corneal epithelium has been investigated. TrkA has been shown to preferentially localize to limbal basal epithelial cells and was proposed as a potential marker for corneal limbal stem cells (Lambiase et al., 1998a; Stepp and Zieske, 2005; Touhami et al., 2002) . Transcripts encoding NGF were detected in the corneal epithelium ex vivo, as well as in cultured corneal epithelium (You et al., 2000) . Recent clinical reports demonstrated that murine NGF treatment promotes corneal wound healing in eyes with neurotrophic ulcers (Bonini et al., 2000; Lambiase et al., 1998b; Tan et al., 2006) . Despite these findings, the spatial expression and localization of NGF in the stem cell-containing limbus have not been defined. The purpose of this study was to evaluate the expression of NGF with its receptors in human corneal and limbal epithelia, as well as in primary limbal epithelial cell cultures, with the intention of determining whether NGF and TrkA could serve as potential markers for the phenotype of human corneal epithelial stem cells.
Materials and methods

Materials and reagents
Cell culture dishes, plates, centrifuge tubes and other plastic items were purchased from BectoneDickinson (Bedford, MA; http://www.bdbiosciences.com). Optimal cutting temperature (OCT) compound and cryomolds were from Sakura Finetek USA Inc. (Torrance, CA; http://www.sakura-americas.com). Nunc Lab-Tek II eight-chamber slides were from VWR International (West Chester, PA; http://www.vwr.com). Fetal bovine serum (FBS) was from Hyclone (Logan, UT; http://www. hyclone.com). Progenitor cell targeted corneal epithelium medium (CnT-20) and affinity-purified mouse monoclonal antibody against p75NTR were purchased from Chemicon International (Temecula, CA; http://www.chemicon.com). Affinity-purified rabbit polyclonal antibodies (pAbs) against NGF (M20), TrkA (763) and their antibody-specific blocking peptides were purchased from Santa Cruz Biotechnology (Santa Cruz, CA; http://www.scbt.com). Mouse monoclonal antibody (mAb) against human p63 (4A4) was purchased from Lab Vision (Fremont, CA; http://www.labvision.com). Human ABCG2 mAb 
Human corneal and limbal tissue preparation
Fresh normal human corneal tissues (less than 48 h post mortem) for immunostaining were obtained from the National Disease Research Interchange (NDRI, Philadelphia, PA) for this study. The corneal and limbal specimens were prepared using a previously described method . The limbal area was defined by the end of Bowman's layer, where vascularized connective tissue was noted. The peripheral cornea was defined as the region located 2 mm from this limbal landmark towards the cornea, where the underlying stroma was compact and avascular. The central cornea was defined as 4 mm from the limbal landmark towards the center of the button.
Primary human limbal epithelial culture
Fresh human corneoscleral tissues (preserved in less than 7 days) were obtained from the Lions Eye Bank of Texas (LEBT, Houston, TX). Primary human corneal epithelial cultures were established from limbal explants using a previously described method (Kim et al., 2004; Li and Tseng, 1995) with modification. In brief, each limbal rim was cut into 12 equal pieces (about 2 Â 2 mm size each) and cultured in CnT-20 media. For immunofluorescent staining, sub-confluent primary cultures at 18e21 days were trypsinized and seeded into wells of 8-chamber culture slides (approximately 2 Â 10 4 cells per chamber) overnight.
Immunofluorescent staining and laser scanning confocal microscopy (LSCM)
Immunofluorescent staining was performed to evaluate the expression and location of NGF (1:200) and its receptors TrkA (1:200), p75NTR (1:100) in human corneal and limbal frozen sections, as well as in primary limbal epithelial cultures, using a previously reported method de Paiva et al., 2005; Li and Tseng, 1995) with modification. In brief, human corneal and limbal frozen sections were fixed in cold methanol:acetone (1:1) at À30 C for 3 min; cultured limbal epithelial cells were fixed in cold methanol at 4 C for 10 min. The staining was evaluated with an epifluorescent microscope (Eclipse 400; Nikon) and photographed with a digital camera (model DMX 1200; Nikon) or with a laser scanning confocal microscope (LSM 510; Carl Zeiss, Thornwood, NY) with excitation at 488 and 543 nm, and using emission filters LP505 and LP560, respectively. The immuno-positive cells were assessed by point counting, using a previously reported method (Chen et al., 2006) .
For double-staining of NGF and TrkA with stem cell and differentiation associated markers, one of the pAbs against NGF or TrkA and one of the mAbs against human p63 (1:600), ABCG2 (1:40) or K3 (1:200) were used in combination. Sections without primary antibodies applied, or those receiving the primary antibody pre-neutralized with fivefold excess of its corresponding antibody-specific blocking peptides (NGF or TrkA) for 2 h, were used as negative controls.
RNA isolation and relatively quantitative real-time PCR
Fresh normal human limbal and corneal epithelia were obtained. Cells in primary limbal epithelial cultures were collected at different growth stages: 40% confluent, 90% confluent and 7 days post-airlifting after reaching confluence. Total RNA was isolated by acid guanidium thiocyanatee phenolechloroform extraction using our previously described method Li and Tseng, 1995) . RNA concentration was quantified by its absorption at 260 nm and stored at À80 C before use. Relatively quantitative real-time PCR was performed by a previously described method (Chen et al., 2006; Luo et al., 2004) in a commercial thermocycling system (Mx3005PÔ QPCR System; Stratagene, LA Jolla, CA). TaqMan primers are shown in Table 1 .
Statistical analysis
Student's t-test was used to compare difference between two groups. One-way ANOVA was used to make comparisons among three groups, and the Dunnett's test was further used to compare each treated group with the control group. A P value of 0.05 was considered significant.
Results
Expression of NGF and its receptors TrkA and p75NTR in human corneal limbal epithelial tissue
As shown in Fig. 1 , staining was evaluated in sections cut in two different orientations, cross-sectional and meridional, as shown with PI counterstaining. The horizontal cross-section cut through the superior limbus (S-Limbus) showed the papilla-like limbal epithelial columns; the meridional sections cut from the limbus through the central cornea displayed a traditional view of the limbus (Limbus) with about 8e10 epithelial layers and the central cornea with about five epithelial layers (Central Cornea).
NGF immunoreactivity was found to be exclusively localized to a subset of the basal human limbal epithelial cells (Fig. 1, SLimbus) ; the suprabasal layers of the limbal epithelium and the entire corneal epithelium were totally negative (Fig. 1) . Clusters of NGF positive cells were interspersed between negative basal cells in the limbal palisades (Fig. 1, Limbus) . Moving from limbus towards the peripheral cornea, the positive cell clusters were separated with more negatively stained cells till they disappeared (Fig. 1, Peripheral cornea) . The expression pattern of TrkA was consistent with the previous reports (Lambiase et al., 1998a; Touhami et al., 2002) . It shared a similar expression pattern as its ligand, but extended to some suprabasal limbal epithelial cells and to the basal cells of the peripheral cornea. Central cornea showed no TrkA staining (Fig. 1) . The specific immunoreactivity to NGF or TrkA was abolished in negative control sections where these antibodies were neutralized with their specific blocking peptides (data not shown). p75NTR was found to stain the basal and immediate suprabasal epithelial layers from the limbus to the central cornea. The superficial epithelial layers in the cornea and limbus were negative (Fig. 1) .
Real-time PCR showed that levels of NGF and TrkA mRNA transcripts were 4e6-folds higher in the limbal than in the corneal epithelia ( Fig. 2A , Student's t-test, P < 0.01).
3.2. Co-expression of NGF and TrkA with stem cell-associated and differentiation marker in human limbal epithelial tissue Our group has characterized three expression patterns of molecular markers by human limbal basal epithelial cells : (1) exclusively positive for p63, ABCG2 and integrin a9 by a subset of basal cells; (2) relatively higher expression of integrin b1, EGFR, K19 and a-enolase by most basal cells, and (3) lack of expression of nestin, E-cadherin, connexin 43, involucrin, K3 and K12. The first two groups are stem cell-associated markers and the third one is differentiation marker. In this study, we chose to evaluate the coexpression of NGF and TrkA with the stem cell-associated markers ABCG2 and p63 and with the differentiation marker K3 in the frozen sections of human limbal tissues.
The staining patterns for ABCG2, p63 and K3 were consistent with our previous report . As shown in Fig. 3 , ABCG2 was primarily immunodetected in the cell membranes of certain limbal basal epithelial cells, but not in most limbal suprabasal and corneal epithelial cells. p63 was immunodetected primarily in the nuclei of basal limbal epithelium, and of some suprabasal limbal epithelial cells. K3, a corneal specific keratin (Schermer et al., 1986) , was strongly expressed by all corneal and the superficial limbal epithelia, but not by the basal and suprabasal layers of the limbal epithelium. NGF and TrkA were noted to be co-expressed by ABCG2 and p63-positive cells in the limbal basal layer. All NGF and TrkA positive cells were K3 negative (Fig. 3) .
Expression of NGF and TrkA in primary human limbal epithelial cultures
In cultured limbal epithelial cells, NGF and TrkA were expressed in the cell membranes or cytoplasm (Fig. 4A ). Expressed as a percentage of the entire cell culture population evaluated in three separate experiments, 19.6 AE 5.6% of cells were NGF positive, and 35.8 AE 8.8% of cells were TrkA positive. Evaluated by real-time PCR, the expression levels of NGF and TrkA mRNA were significantly different among the cells in three stages of growth and differentiation (one-way ANOVA, NGF, P < 0.0001; TrkA, P < 0.001). Compared with 40% confluent limbal epithelium cultures, the transcription levels of NGF and TrkA mRNAwere found to decrease more than half in both 90% confluent and in the airlifted stratified cultures (Fig. 2B , Dunnett's test, P < 0.01). NGF mRNA was barely detectable in the airlifted stratified limbal epithelial cultures (Fig. 2B). 3.4. The NGF and TrkA immuno-positive subpopulations expressed higher levels of ABCG2, p63 protein in primary limbal epithelial cultures As shown in Table 2 and Fig. 4 , double immunofluorescent staining in the limbal epithelial cultures showed that the numbers of p63 and ABCG2 positive cells were significantly different among NGF, TrkA immuno-positive subpopulations and entire cell population (one-way ANOVA, P < 0.0001). Compared with the entire cell population, the NGF and TrkA positive subpopulations contained more p63-positive cells (Fig. 4B and Table  2 , Dunnett's test, P < 0.01). NGF positive subpopulation contained more ABCG2 positive cells (Fig. 4C and Table 2 , Dunnett's test, P < 0.01), while the TrkA positive subpopulation contained more, but not significantly, ABCG2 positive cells (Fig. 4C and Table 2, Dunnett's test, P > 0.05).
Discussion
Limbal epithelial stem cells exhibit unique characteristics that satisfy the widely accepted criteria for defining adult stem cells, which include (1) slow-cycling or long cell-cycle time during homeostasis in vivo; (2) small size and a poor state of differentiation with primitive cytoplasm; (3) high proliferative potential after wounding or placement in culture; and (4) the ability for self-renewal and functional tissue regeneration.
Although NGF is known as a neuronal survival factor, it has been previously shown to stimulate corneal epithelial proliferation both in vitro (You et al., 2000) and in vivo. Our study revealed the spatial expression pattern of NGF mimics the distribution of putative stem cell markers in the human limbal cornea.
NGF was found to be uniquely expressed in the human limbal epithelium
Using in situ immunolabeling, we found that NGF was uniquely expressed in the human limbal basal epithelium, together with its high-affinity receptor TrkA and its low-affinity receptor p75NTR. Additionally, NGF was only expressed by a small population of limbal epithelial cells in culture. The level of NGF transcripts was found to be much more abundant in limbal than in corneal epithelial tissues, and in young cultured cells in the proliferative stage than in more differentiated airlifted stratified cultures. These studies indicate that NGF is uniquely expressed in the human limbal epithelium.
Corneal epithelial stem cells reside in the limbal palisades of Vogt, a unique stem cell niche microenvironment Li et al., 2007; Stepp and Zieske, 2005) . The stem cells are maintained by a combination of factors intrinsic to the stem cells themselves and extrinsic from their environment. p75NTR is a member of the tumor necrosis factor family and regulates the affinity of the Trk receptors for their NTs (Chao et al., 2006) . It is believed that co-expression of p75NTR and Trk receptors leads to NT signaling through Trk receptors and promotion of cell survival (Carter and Lewin, 1997; Dechant and Barde, 1997) , whereas expression of p75NTR alone without the Trk receptors promotes apoptosis of NT target cells (Seidl et al., 1998; Wexler et al., 1998) . Our study showed that the co-expression of NGF with its two corresponding receptors in limbal basal epithelial cells, but not in the cornea, suggests that NGF may function as an autocrine or paracrine factor controlling limbal stem cell survival. Further studies are necessary to investigate the functional role of NGF in the human limbal stem cell niche.
NGF and TrkA may serve as potential markers for human corneal epithelial progenitor cells
Stem cells are believed to represent less than 10% of the total limbal basal cell population (Lavker et al., 1991) , whereas the majority of the other cells are early TACs, which may display some stem cell characteristics (Lehrer et al., 1998) . The spatial expression of NGF and TrkA by small clusters of basal Fig. 2 . Expression of NGF and TrkA mRNA in the human limbal epithelia (A) and in primary cell cultures at 40% confluent, 90% confluent and airlifted stages (B) evaluated by relative quantitative real-time polymerase chain reaction. Levels of NGF and TrkA mRNA transcripts were much higher in the limbal than in the corneal epithelia (A. n ¼ 8; Student's t-test, compared with corneal epithelium); both transcripts decreased more than half in 90% confluent cultures and in the airlifted stratified limbal epithelial cultures (B. n ¼ 5; Dunnett's test, compared with 40% confluent cells). NGF mRNA was barely detectable in the airlifted stratified limbal epithelial cultures. **P < 0.01. cells interspersed between negative cell patches suggests they are potential candidate markers for human corneal epithelial progenitor cells.
4.2.1. NGF and TrkA were co-expressed with stem cell-associated, but not with differentiation markers in the human limbal basal epithelial layer Although large discrepancies have been noted in p63 expression patterns in human corneal basal epithelial cells Dua et al., 2003; Pellegrini et al., 2001 ), all studies concur that the basal p63-positive cell population does not represent and at best includes corneal epithelial stem cells. Rather, p63 identifies cells in a proliferative state, such as TACs (Schlotzer-Schrehardt and Kruse, 2005) . ABCG2 is another marker that has been proposed to identify the putative limbal epithelial stem cells (Budak et al., 2005; Chen et al., 2004; de Paiva et al., 2005; Watanabe et al., 2004) . Our study showed that NGF and TrkA were coexpressed with ABCG2 and p63, but not with K3 in the limbal basal epithelial layer. In primary limbal epithelial cultures, fewer cells expressed NGF (19.6 AE 5.6%) than p63 (35.3 AE 10.4%), almost as the same number of cells expressed TrkA (35.8 AE 8.8%) as they expressed p63. This suggests that like ABCG2 and p63, NGF and TrkA might potentially serve as markers for human corneal epithelial progenitor cells. Stem cell-associated proteins presumably play a special role in maintaining the corneal epithelial stem cell niche: p63 is a marker of higher proliferative potential; ABCG2 may protect cell from damage by drugs and toxins Schlotzer-Schrehardt and Kruse, 2005) . Like these factors, NGF may play a unique role by supporting stem cell survival and self-renewal in the limbal stem cell niche. Table 2 . 
